A B S T R A C T Abnormal vitamin D metabolism has been suspected in patients with X-linked hypophosphatemic rickets (XLH) and X-linked hypophosphatemic mice (Hyp-mice), the murine homologue of the human disease. We compared 25(OH)D-la-hydroxylase activity in the Hyp-mouse kidney to that in normal and phosphate-depleted mouse kidney. Weanling normal and Hyp-mice were fed a 0.6% phosphorus diet; phosphate-depleted mice received a 0.02% phosphorus diet. At 8-10 wk of age the serum phosphorus values in Hyp (3.35±0.12 mg/dl) and phosphate-depleted mice (3.83±0.56) were not significantly different. Despite the similar magnitude of phosphate depletion, however, the maximum levels of 25(OH)D-la-hydroxylase activity were disparate: phosphate-depleted mouse kidney had profoundly increased activity compared to normal (17.04±.104 vs. 4.96±0.23 fmol 1,25(OH)2D3 produced/mg kidney per min) while Hyp-mouse kidney had a fourfold lesser increment (8.18±0.62). These data indicate that phosphate depletion is a potent stimulus of 25(OH)D-la-hydroxylase activity in the (C57BL6J) mouse. Moreover, the results show that abnormal regulation of 25(OH)D-lahydroxylase activity is manifest in the Hyp-mouse.
INTRODUCTION
Patients with X-linked hypophosphatemic rickets/osteomalacia (XLH)' and X-linked hypophosphatemic mice (Hyp-mice), the murine homologue of the human disease, have a normal or moderately decreased serum 1,25-dihydroxyvitamin D (1, 25 [OH]2D) concentration despite manifesting hypophosphatemia and phosphate depletion, which allegedly stimulate 1,25(OH)2D production (1) (2) (3) (4) (5) . The inappropriately low circulating 1,25(OH)2D levels could result from a primary or acquired defect in the renal 25(OH)D-la-hydroxylase enzyme system, accelerated degradation of 1,25(OH)2D or increased uptake of 1,25(OH)2D by target tissues. No evidence is currently available that supports or refutes either of these possibilities.
In the present study we examined whether phosphate deficiency enhances 25(OH)D-la-hydroxylase activity in normal mouse kidney and if, in the Hypmouse kidney, abnormal regulation of enzyme activity is apparent. We measured 25(OH)D-la-hydroxylase activity in normal and phosphate-depleted mouse kidney and compared these values to that in Hyp-mouse kidney. In addition, we correlated the results with serum phosphorus and 1,25(OH)2D levels in these animal models.
METHODS
Normal C57BL6J mice were mated with C57BL6J Hypmouse heterozygous females as previously described (6) . An equal number of normal male and female littermates were weaned at 4 wk of age and randomly divided into two groups fed a normal (0.6% calcium; 0.6% phosphorus) or matched phosphorus-deficient (0.6% calcium; 0.02% phosphorus) diet.
Male and female Hyp-mice that were identified and selected for study (6) were likewise weaned at 4 wk and received a normal diet.
In initial studies we assessed optimal assay condition for measurement of 25(OH)D-la-hydroxylase activity (see Results). Subsequently, we performed studies in the normal, Pdepleted and Hyp-mice at 8-10 wk of age. In each of seven experiments we collected blood in three to four mice from each group for measurement of calcium, phosphorus, and 25(OH)D by previously described techniques (1) . Subsequently, we dispatched the animals and removed the kidneys for measurement of 25(OH)D-la-hydroxylase activity. Aliquots of the kidneys were distributed in three to four flasks per group for assay in each experiment. In 10-14 additional animals from each group we obtained sufficient blood to assay plasma 1,25(OH)2D in three pooled samples (1 RESULTS Biochemistries. At the time of study P-depleted and Hyp-mice had serum phosphorus concentrations of 3.83±0.56 and 3.35±0.12 mg/dl, values significantly less (P < 0.001) than that of normals (7.15±1.00 mg/dl), but not statistically different from each other. In contrast, the Hyp-mice had a serum calcium level (8.3±0. 10 mg/dl) that was significantly less (P < 0.001) than that of both normals (9.5±0.19 mg/dl) and Pdepleted mice (11.1±0.13 mg/dl). Moreover (Fig. 1) . In each group, the plateau, corresponding to the maximal velocity (Vmax) of enzyme activity, was manifest at 80 nmol/ ml, the concentration of substrate that we chose for subsequent experiments.
In time course studies we observed that the conversion of 25(OH)D3 to 1,25(OH)2D3 by normal, P-depleted and Hyp-mouse renal homogenates is linear from 0 to 30 min (Fig. 2) . Thereafter, no increase in enzyme activity is apparent. Consequently, we used a 20-min incubation in further studies to permit measurement of the initial rate of enzyme activity.
We then compared 25(OH)D-la-hydroxylase activity in the kidneys of normal, P-depleted and Hyp- mice. In seven experiments renal homogenates from P-depleted mice repeatedly had profoundly increased (259%) enzyme activity compared to that of normals (Fig. 3) . In contrast, enzyme activity in the Hyp-mouse kidney was far below that in the kidneys of P-depleted mice, although significantly increased (65%) above that in normal kidneys (Fig. 3) . DISCUSSION Our studies indicate that phosphate deficiency is a potent stimulus of renal 25(OH)D-la-hydroxylase activity in the normal (C57BL6J) mouse. In contrast, the results show that the enzyme activity in Hyp-mouse kidney, while significantly elevated above that in normal kidneys, is substantially less than that in the Pdepleted mouse kidney. Indeed, the increment above normal of enzyme activity in the Hyp-mouse is fully fourfold less than that in the P-depleted mouse. These data indicate that abnormally regulated 25(OH)D-lahydroxylase activity is manifest in the Hyp-mouse kidney.
The diminished responsiveness of 25(OH)D-la-hydroxylase activity in the Hyp-mouse kidney does not appear to be the result of an attentuated biological stimulus. The serum phosphorus concentration in the P-depleted and Hyp-mice is similar, consistent with phosphate depletion of equal magnitude. Moreover the depressed enzyme responsiveness in the Hypmouse is evident in spite of a significant decrease below normal of the serum calcium and an increase of the serum parathyroid hormone level (9) , which should increase the enzyme activity (10) . Consistent with our observations, P-depleted mice had a significantly greater serum 1,25(OH)2D concentration than that of normal mice. In contrast, the increase in enzyme activity (65%) in the Hyp-mice is not associated with a significant measurable increase of the serum 1,25(OH)2D concentration.
The decreased enzyme activity in the Hyp-mouse kidney is most likely representative of a similar defect in humans with XLH. The mice manifest biochemical abnormalities that are remarkably similar to those expressed in the human disease. Indeed, several observations in affected human subjects suggest that regulation of vitamin D metabolism is abnormal. Among these are: (a) the presence of serum 1,25(OH)2D levels in the normal range (1-4); and (b) subnormal responsiveness of serum 1,25(OH)2D levels to administration of parathyroid hormone (11) .
Measurement of 25(OH)D-la-hydroxylase activity in mammalian kidney homogenates is complicated by the presence of a 25(OH)D binding protein that reduces the availability of substrate to the enzyme and variably inhibits measurable activity (7) . In order to obviate this problem we used an assay designed to measure enzyme Vmax. Utilization of a saturating concentration of substrate ( Fig. 1) and measurement of the initial rate of enzyme activity (Fig. 2) in preparations from each animal model assures uniform expression of maximal enzyme activity without regard to the amount of binding protein present. Variations in enzyme activity due to alterations in the K,,,, however, cannot be determined. Thus, the differences in enzyme activity that we observed are most likely the result of a change in the amount of enzyme. In any case, it remains unclear whether the decreased enzyme activity in the Hyp-mouse kidney represents diminished responsiveness to hypophosphatemia alone or a more generalized derangement. The recent demonstration of inappropriately increased 25(OH)D-24-hydroxylase activity in the Hyp-mouse kidney, suggests, however, that a complex disturbance of vitamin D metabolism is present (12) .
The results of previous studies on the role of hypophosphatemia in the regulation of 25(OH)D-la-hydroxylase activity have been controversial. Increased activity in response to this stimulus as well as unaltered activity have been reported in both the avian and mammalian species (10) . We have no explanation for these varied findings. However, we do feel that our studies of the P-depleted mouse kidney, in which we observed increased enzyme activity, are an appropriate control for investigation of the Hyp-mouse kidney.
Thus, our data represent the first firm evidence that the suspected abnormality of vitamin D metabolism in the Hyp-mouse is real and due to defective regulation of 25(OH)D-la-hydroxylase activity. We anticipate a similar defect is present in the kidneys of human subjects with XLH.
